Nitric oxide (NO) acts an essential signaling molecule that is involved in regulating various physiological and biochemical processes in plants. However, whether S-nitrosylation is a crucial molecular mechanism of NO is still largely unknown. In this study, 50 µM S-nitrosoglutathione (GSNO) treatment was found to have a maximum biological effect on promoting adventitious rooting in cucumber. Meanwhile, removal of endogenous NO significantly inhibited the development of adventitious roots implying that NO is responsible for promoting the process of adventitious rooting. Moreover, application of GSNO resulted in an increase of intracellular S-nitrosothiol (SNO) levels and endogenous NO production, while decreasing the S-nitrosoglutathione reductase (GSNOR) activity during adventitious rooting, implicating that S-nitrosylation might be involved in NO-induced adventitious rooting in cucumber. Furthermore, the identification of S-nitrosylated proteins was performed utilizing the liquid chromatography/mass spectrometry/mass spectrometry (LC-MS/MS) and biotin-switch technique during the development of adventitious rooting. Among these proteins, the activities and S-nitrosylated level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), tubulin alpha chain (TUA), and glutathione reductase (GR) were further analyzed as NO direct targets. Our results indicated that NO might enhance the S-nitrosylation level of GAPDH and GR, and was found to subsequently reduce these activities and transcriptional levels. Conversely, S-nitrosylation of TUA increased the expression level of TUA. The results implied that S-nitrosylation of key proteins seems to regulate various pathways through differential S-nitrosylation during adventitious rooting. Collectively, these results suggest that S-nitrosylation could be involved in NO-induced adventitious rooting, and they also provide fundamental evidence for the molecular mechanism of NO signaling during adventitious rooting in cucumber explants.
Introduction
Free radical nitric oxide (NO) is generated via non-enzymatic [1] and enzymatic pathways [2, 3] in plants. As a multifunctional physiological regulator, NO has been shown to be involved in every aspect of plant growth and every developmental process in plants [4] . Furthermore, an increasing body of evidence has indicated that NO could play an essential role in response to various abiotic stresses [5] [6] [7] .
Previous studies suggested that NO could exert its effects depending on the cyclic guanosine monophosphate (cGMP) signaling pathway [8, 9] . For example, NO could promote the adventitious rooting of marigold through the cGMP-dependent pathway [10] .
Additionally, the emerging picture is that NO also could operate biological functions through protein S-nitrosylation which is a NO-dependent posttranslational modification (PTM) [11, 12] . It has been shown that NO groups could be covalently bound to cysteine (Cys) residues of target proteins, resulting in the formation of S-nitrosothiols during S-nitrosylation [11, 13] . At present, increasing evidence demonstrates that S-nitrosylation might be involved in processes for regulating the growth, development, and stress responses in plants [14] [15] [16] .
In general, proteomics deals with the large-scale determination of gene and cellular function directly at the protein level [17] . Recently, global protein S-nitrosylation has been identified using the proteomic approach. According to Hu et al. [18] , more than 2200 S-nitrosylated proteins have been identified in mammals and plants. In the present work, several S-nitrosylated proteins have been identified using proteomic analyses in different plants. For example, Lindermayr et al. [19] identified proteins, which, when treated with NO, were involved in various pathways such as cytoskeleton organization, metabolic processes, redox homeostasis, as well as cellular signaling transduction. Moreover, Morisse et al. [20] identified 492 S-nitrosylated proteins and 392 sites in chlamydomonas reinhardtii cells, which were treated with S-nitrosoglutathione (GSNO). Moreover, 926 proteins that undergo nitrosylation have been identified in Arabidopsis [18] . Certain NO target proteins have been pointed out as important for regulating physiological and pathological cellular processes through proteomic and transcriptomic analyses [21] [22] [23] . Although the identification research on S-nitrosylation is increasing, the mechanism of S-nitrosylation during root development remains unclear. The aim of this study was to identify possible candidates for S-nitrosylation during adventitious rooting to reveal the biological function of NO at the protein level in plants. Therefore, we conducted this experiment to detect and identify the S-nitrosylated proteins during NO-induced adventitious rooting in cucumber explants. The objective of this study was to decipher the novel role of protein S-nitrosylation in the process of adventitious root development in order to further improve our understanding of NO signaling transduction in molecular mechanisms.
Results

Effect of Exogenous S-Nitrosoglutathione (GSNO) on Adventitious Rooting in Cucumber
In order to access the effects of exogenous GSNO on adventitious root development of cucumber, explants were cultivated with different concentrations of GSNO (0, 0.1, 1, 10, 50 and 100 µM). As shown in Figure 1 , there is no significant difference between the control and 0.1 µM GSNO. Meanwhile, lower concentrations of GSNO (1, 10, and 50 µM) significantly promoted the development of adventitious root. However, a higher dose of GSNO (100 µM) obviously decreased the number and length of adventitious roots, indicating exogenous GSNO could have a concentration-dependent effect on adventitious rooting. Moreover, the root number and length of 50 µM GSNO-treated explants increased by 92% and 280.60%, respectively, when compared with the control (Figure 1) . These results revealed that 50 µM GSNO had the maximum biological effect on adventitious rooting. Therefore, 50 µM GSNO was used for the following experiments.
Figure 1.
Effect of different concentrations of S-nitrosoglutathione (GSNO) on adventitious root development in cucumber explants. The primary roots were removed from hypocotyl of 5-day-old seedlings. Explants were incubated for 5 days with different concentrations of GSNO. The numbers (A) and root length (B) of adventitious roots were expressed as mean ± SE (n = 3). Ten explants were used per replicate. Photographs (C) were taken after five days of the treatments indicated. Bars with different lowercase letters were significantly different by Duncan's multiple range test (p < 0.05). Bars with different lowercase letters were significantly different by Duncan's multiple range test.
Effect of Nitric Oxide (NO) Scavenger on Adventitious Rooting in Cucumber
In order to further confirm the effect of NO on adventitious rooting, NO scavenger 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), and a normal product of NO decomposition, NaNO3 were applied in our research. Figure 2 showed that application of cPTIO alone clearly inhibited the adventitious root development. NaNO3 treatment as a control for NO decomposition had no effect on adventitious root development. However, GSNO + cPTIO treatment significantly reversed the inhibitive effect of NO scavengers ( Figure 2 ). These results indicate that NO is responsible for the development of adventitious root in cucumber explants.
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Figure 2.
Effect of NO scavenger 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3oxide (cPTIO) on adventitious root development in cucumber explants. The primary roots were removed from 5-day-old seedlings. Explants were then incubated for 5 days with distilled water (CK) or 100 μM sodium nitrate (NaNO3), 50 μM GSNO, 200 μM cPTIO, or 50 μM GSNO + 200 μM cPTIO. The numbers (A) and root length (B) of adventitious roots were expressed as mean ± SE (n = 3). Ten explants were used per replicate. Photographs (C) were taken after five days of the treatments indicated. Bars with different lowercase letters were significantly different by Duncan's multiple range test (p < 0.05). Bars with different lowercase letters were significantly different by Duncan's multiple range test.
Effect of GSNO on the Levels of Total S-Nitrosothiol (SNO), and S-Nitrosoglutathione Reductase (GSNOR) Activity and Endogenous NO Level During the Development of Adventitious Roots in Cucumber
To further elucidate whether S-nitrosylation was involved in the process of adventitious rooting, the level of endogenous S-nitrosothiol (SNO) was tested during adventitious rooting ( Figure 3A ). As shown in Figure 3A , during adventitious rooting, treatment with GSNO strikingly elevated the endogenous SNO level. At 6 h, nitroso groups with GSNO treatment reached the maximum value and were significantly higher than that of cPTIO treatment. On the contrary, lower Snitrosoglutathione reductase (GSNOR) activity was found in GSNO treatment relative to that of control or cPTIO treatment at 6 h ( Figure 3B ). Additionally, application of GSNO treatment significantly enhanced the fluorescent intensity of NO production in cucumber hypocotyl. Meanwhile, there was no significant difference between distilled water (CK) treatment and sodium nitrate (NaNO3) treatment ( Figure 3C ,D). However, the production of endogenous NO was remarkably reduced in hypocotyl after NO scavenger treatment ( Figure 3 ).
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Effect of NO scavenger 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) on adventitious root development in cucumber explants. The primary roots were removed from 5-day-old seedlings. Explants were then incubated for 5 days with distilled water (CK) or 100 µM sodium nitrate (NaNO 3 ), 50 µM GSNO, 200 µM cPTIO, or 50 µM GSNO + 200 µM cPTIO. The numbers (A) and root length (B) of adventitious roots were expressed as mean ± SE (n = 3). Ten explants were used per replicate. Photographs (C) were taken after five days of the treatments indicated. Bars with different lowercase letters were significantly different by Duncan's multiple range test (p < 0.05). Bars with different lowercase letters were significantly different by Duncan's multiple range test.
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To further elucidate whether S-nitrosylation was involved in the process of adventitious rooting, the level of endogenous S-nitrosothiol (SNO) was tested during adventitious rooting ( Figure 3A ). As shown in Figure 3A , during adventitious rooting, treatment with GSNO strikingly elevated the endogenous SNO level. At 6 h, nitroso groups with GSNO treatment reached the maximum value and were significantly higher than that of cPTIO treatment. On the contrary, lower S-nitrosoglutathione reductase (GSNOR) activity was found in GSNO treatment relative to that of control or cPTIO treatment at 6 h ( Figure 3B ). Additionally, application of GSNO treatment significantly enhanced the fluorescent intensity of NO production in cucumber hypocotyl. Meanwhile, there was no significant difference between distilled water (CK) treatment and sodium nitrate (NaNO 3 ) treatment ( Figure 3C ,D). However, the production of endogenous NO was remarkably reduced in hypocotyl after NO scavenger treatment ( Figure 3 ). 
Identification of S-Nitrosylated Proteins During NO-Induced Adventitious Rooting in Cucumber
In order to further identify whether there exist possible candidates for S-nitrosylation during NO-induced adventitious rooting in cucumber explants, biotin switch detection and liquid chromatography/mass spectrometry/mass spectrometry (LC-MS/MS) were performed ( Figure 4 ). As shown in Figure 4A ,B, GSNO treatment obviously increased nitrosylation of proteins during adventitious rooting of cucumber, when compared to those of the control treatment. However, cPTIO treatment remarkably inhibited potential candidates for S-nitrosylation. Moreover, our results indicated that 167 proteins were identified from control, GSNO treatment, and GSNO + cPTIO treatment ( Table 1 ). These identified proteins might be involved in various processes during adventitious rooting such as carbon and energy metabolism, photosynthesis, transcription and translation, and so on ( Figure 4C ). During adventitious rooting, approximately 40% were found to function in carbon and energy metabolism, 25.5% in the process of genetic information, and 8.5% in the growth and development process ( Figure 4C ). Additionally, identified proteins were found to function related to redox homeostasis, signaling transduction, and hormone response, about 9.7%, 3.0%, and 1.8%, respectively ( Figure 4C ). Among these proteins, three and 48 proteins were identified from the control and GSNO treatment, respectively ( Figure 4D -F). As shown in Figure 4D , 114 proteins are common to both the control and GSNO treatment. These results implied that Snitrosylation might be involved in NO-induced adventitious rooting in cucumber. 
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Effect of GSNO on the Activities and S-Nitrosylation Level of Tubulin Alpha Chain (TUA), Glutathione Reductase (GR), and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) During Adventitious Rooting
Here, tubulin alpha chain (TUA), glutathione reductase (GR), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were selected as candidate proteins to further assess the level of nitrosylation during NO-induced adventitious rooting in cucumber. At 6 h, GSNO treatment significantly increased the expression level of TUA, and remarkably decreased the expression level and activities of GR and GAPDH (Figure 5A-E) . However, exogenous application of GSNO significantly enhanced the nitrosylation level of these proteins, which was detected by the biotin switch technique ( Figure 5D ). On the contrary, the S-nitrosylation level of these proteins was largely blocked by the treatment of cPTIO ( Figure 5D ). Interestingly, removal of endogenous NO significantly inhibited the expression level of TUA but improved the expression level and activities of GR and GAPDH during the development of adventitious roots in cucumber ( Figure 5A -E). (A, B, C) , and GR and GADPH activity (D, E) in cucumber explants was determined at 6 h of treatment. Immunoblot analysis of S-nitrosylated proteins in vivo (F). After biotinylation, proteins were purified with neutravidin-agarose, separated by sodium dodecyl sulfatepolyacrylamide gel (SDS-PAGE), and immunoblotted with anti-TUA, anti-GR, and anti-GAPDH antibodies. Bars with different lowercase letters were significantly different by Duncan's multiple range test (p < 0.05). Bars with different lowercase letters were significantly different by Duncan's multiple range test.
Discussion
In our study, the data presented herein demonstrated the evidence that there is a molecular mechanism of NO function to induce the development of adventitious rooting in cucumber. As previously reported in other researches, NO might play a critical role in affecting the root development [24] [25] [26] . For example, Yuan et al. [27] found the level of endogenous NO might be enhanced under cadmium (Cd) stress to inhibit the growth of root meristem in Arabidopsis through regulating auxin accumulation and transport. Alternatively, NO might act as a necessary factor affecting adventitious rooting [28] [29] [30] . According to our results, NO was indispensable for promoting adventitious rooting in cucumber (Figures 1 and 2) . Interestingly, research suggested that NO could A,  B, C) , and GR and GADPH activity (D, E) in cucumber explants was determined at 6 h of treatment. Immunoblot analysis of S-nitrosylated proteins in vivo (F). After biotinylation, proteins were purified with neutravidin-agarose, separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and immunoblotted with anti-TUA, anti-GR, and anti-GAPDH antibodies. Bars with different lowercase letters were significantly different by Duncan's multiple range test (p < 0.05). Bars with different lowercase letters were significantly different by Duncan's multiple range test.
In our study, the data presented herein demonstrated the evidence that there is a molecular mechanism of NO function to induce the development of adventitious rooting in cucumber. As previously reported in other researches, NO might play a critical role in affecting the root development [24] [25] [26] . For example, Yuan et al. [27] found the level of endogenous NO might be enhanced under cadmium (Cd) stress to inhibit the growth of root meristem in Arabidopsis through regulating auxin accumulation and transport. Alternatively, NO might act as a necessary factor affecting adventitious rooting [28] [29] [30] . According to our results, NO was indispensable for promoting adventitious rooting in cucumber (Figures 1 and 2) . Interestingly, research suggested that NO could partly exert its influence on the process of root growth and development through S-nitrosylation [31] [32] [33] . To investigate potential NO regulation of physiological processes through modifying cysteine residues of proteins [19] , the changes of S-nitrosylation level and endogenous NO content during adventitious rooting of cucumber explants were analyzed (Figure 3 ). Application of exogenous NO significantly increased the level of endogenous SNO and endogenous NO production. However, SNO and NO level with cPTIO treatment significantly were lower than those of the control and GSNO treatment, implying that NO might enhance the endogenous nitrosylation level during adventitious rooting ( Figure 3A ,C-E). Previously, Wang et al. [32] found that SNP could enhance the level of SNO. Our results indicated that NO might affect process of adventitious rooting through enhancing the endogenous nitrosylation. Moreover, it is known that GSNOR can regulate global levels of S-nitrosylation [34, 35] Additionally, Lin et al. [36] found that S-nitrosoglutathione reductase (OsGSNOR) overexpression transgenic plants were detected with a lower SNO content indicating that GSNOR might play a vital role in SNO homeostasis. As mentioned above, NO might inhibit the activity of GSNOR1 preventing S-nitrosoglutathione scavenging [35] . As depicted in Figure 3B , a lower GSNOR activity was detected in GSNO treatment, which also suggested that GSNOR regulates the total level of SNOs during NO-induced adventitious rooting in cucumber.
For a deeper insight, S-nitrosylated proteins were identified during adventitious rooting of cucumber ( Figure 4 ; Table 1 ). Among these proteins, a large amount of the S-nitrosylated proteins identified were closely related to carbon and energy metabolism, implying this process could be regulated by S-nitrosylation, during adventitious rooting of cucumber. Previous research suggested that carbohydrates and nitrogen compounds might provide nutrition and energy during adventitious root formation and development [37] . In our study, for example, pyruvate kinase, malate dehydrogenase, and malate synthase were involved in the tricarboxylic acid (TCA) cycle, which acts as an iconic process for carbohydrate metabolism [38] . However, the molecular mechanisms of these protein functions during the development of adventitious roots are still not established. Here, our results imply that these proteins may be S-nitrosylated during NO-induced adventitious rooting of cucumber. Moreover, cytoskeleton change might affect cell shape and translocate organelles which could enhance cell response to intracellular and extracellular signaling [39] . Potential candidates of S-nitrosylation during adventitious rooting in cucumber are also related to cytoskeleton structure including tubulin α and tubulin β [40] . Tubulin α and tubulin β have been demonstrated to be S-nitrosylated in mammals and plants [40, 41] . These results indicate that the S-nitrosylation of tubulin variants could act as an important mediator in NO-promoted development of adventitious roots in cucumber. Additionally, another cluster of potential candidates for S-nitrosylation includes metabolic enzymes such as GAPDH, glucose-6-phosphate isomerase, fructose-bisphosphate aldolase, phosphoglycerate kinase, and so on ( Table 1) . Previous studies have reported that H 2 O 2 treatment might affect fructose-1,6-biphosphate aldolase and 2-phosphoglycerate hydrolase undergoing S-glutathionylation [42] . Meanwhile, Lindermayr et al. [19] suggested that the glycolysis-related enzymes are sensitive to S-nitrosylation. Thus, these metabolism enzymes, which are identified as targets for S-nitrosylation, imply that S-nitrosylation of metabolic proteins could mediate adventitious root development.
In our study, there were 116 S-nitrosylated proteins from both control and GSNO treatments ( Figure 4C ). These proteins participated in different processes of cellular metabolism, such as lipid metabolism, transcription and translation, hormone response, and signaling transduction ( Figure 4D,E) . As a consequence, these S-nitrosylated proteins with different functions might play a vital role in affecting the process of adventitious rooting. As previously reported in Wang et al. [32] , NO could inhibit the growth of primary roots through S-nitrosylation of plastidial GAPDH. Our results indicated that NO could enhance the S-nitrosylation level of GAPDH, however, it was shown to decrease the expression level and activity of GAPDH during adventitious rooting ( Figure 5C,E) . In animals, some research has demonstrated that NO could inhibit GAPDH activity through S-nitrosylation [43, 44] . Additionally, GAPDH activity was clearly inhibited by exogenous NO during NO-repression of the process of primary root growth [24] . These results might indicate that GAPDH is a key target for NO-specific PTM. Furthermore, we demonstrated evidence for the first time that GR and TUA could be over-nitrosylated under NO treatment during adventitious rooting ( Figure 5 ). According to a previous study, GR had been shown to play an essential role for cell redox homeostasis [45] . Moreover, TUA has been found to play an essential role in cytoskeleton development [46] . The development of adventitious roots may be closely related with cell division and cell growth [47] . As depicted in Figure 5A , NO significantly increased the expression level of TUA, suggesting that the cell cycle process plays a vital role during adventitious root growth [48] . In addition, Begara-Morales [49] found that chloroplastic and cytosolic GR in peas are S-nitrosylated by GSNO, however, NO-based modification did not significantly affect this protein activity. In a previous study on mammal cells, an inhibitory effect on GR activity was shown after exposure to GSNO for a longer time [50] . According to our results, GSNO significantly decreased the expression level and activity of GR during adventitious rooting, implying that S-nitrosylation of GR induced by GSNO might inhibit protein activity and this change could be related to the development of adventitious roots in cucumber. Although some S-nitrosylation of proteins during adventitious rooting have been identified, whether the activities and functions of these identified proteins have been changed due to S-nitrosylation directly, needs to be further investigated. In the future, these results could provide valuable information for future investigations.
Materials and Methods
Plant Materials
Cucumber (Cucumis sativus 'BaiLv 1 ) seeds were supplied by the Gansu Academy of Agricultural Sciences, Lanzhou, China. The seeds were germinated in petri dishes on filter papers soaked with distilled water and maintained at 25 ± 1 • C for 6 days with a 14 h photoperiod (photosynthetically active radiation = 200 µmol s -1 m -2 ). After removing the primary roots of 6-day-old seedlings, the cucumber explants were then maintained under the same conditions of temperature and photoperiod for another 5 days under different treatments as indicated below. These media were changed every day in order to keep the solution fresh. The number and length of adventitious roots per explant were counted and measured.
Treatments of Explants
Explants were placed in petri dishes containing distilled water (control) and different concentrations of S-nitrosoglutathione (GSNO, a donor of NO, Sigma, St Louis, MO, USA) as indicated in Figure 1 and kept at 25 ± 1 • C 200 µM 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO; Sigma, St Louis, MO, USA), 100 µM sodium nitrate (NaNO 3 , degradation product of NO, Solarbio, Beijing, China) was added alone and with a suitable concentration of GSNO. The concentrations of NO scavenger and NaNO 3 were based on the results of a preliminary experiment.
Determination of Endogenous SNO Content, NO Production, and GSNOR Activity
SNO content was determined as described by Feechan et al. [34] with minor modifications. Fresh cucumber explants were homogenized with extraction buffer (50 mM Tris-HCl, pH 8.0), 150 mM NaCl, and 1 mM protease inhibitor phenylmethanesulfonyl fluoride (PMSF) in an ice bath for 20 min. The centrifugation was performed at 10,000 rpm for 15 min at 4 • C. The absorbance of the mixture reaction, which includes 1.5 mL of the supernatant, 1.5 mL of 0.1% N-(1-naphthyl)-ethylenediamine, and 1% sulfanilamide, with and without adding HgCl 2 , was taken for 20 min in the dark. SNO content was recorded photometrically at 540 nm [34] .
The level of endogenous NO in cucumber hypocotyls at 6 h was detected by NO fluorescent probe 4-amino-5-methylamino-2 ,7 -diaminofluoresceindiacetate (DAF-FM DA) [51] . The hypocotyls were loaded with 5 µM DAF-FM DA for 30 min at 37 • C in the dark. The samples were then washed three times with fresh buffer. DAF-FM DA fluorescence was visualized using a laser scanning confocal microscope (Leica TCS SL; Leica Microsystems, Wetzlar, Hessen, Germany). The excitation wavelength was 488 nm and the emission wavelength was 515 nm.
NO content was measured according to the Greiss reagent method with some modifications [52] . A quantity of 0.2 g of explants was finely frozen in liquid nitrogen with the extract mixture (4 mL of 50 mM ice cold acetic acid buffer, containing 4% zinc diacetate). After that, centrifugation was performed at 10,000× g for 15 min at 4 • C, and then the supernatants were collected. For each sample, 0.1 g of charcoal was added. After that, the supernatants were filtered and collected again, and then 1 mL of the mixture was pipetted into 1 mL of Greiss reagent. They were allowed to react for 30 min at room temperature. Then the absorbance was assayed at 540 nm.
S-nitrosoglutathione reductase (GSNOR) activity was measured using the method of Durner et al. [53] . Samples were homogenized with 20 mM Tris-HCl (pH 8.0, 0.2 mM NADH, and 0.5 mM EDTA) and centrifuged at 10,000 rpm for 20 min at 4 • C. The reaction was started by adding GSNO and the absorbance of the sample was measured at 340 nm.
Biotin-Switch Assay and Identification of Biotinylated Proteins
Cucumber explants were ground in liquid nitrogen, extracted by HEN-2 Buffer (250 mM Hepes-NaOH, EDTA, neocuproine and proteinase inhibitor), followed by centrifugation at 13,000 g for 10 min at 4 • C. Then, extracted protein was incubated in blocking buffer (250 mM Hepes, EDTA, SDS, methylmethane thiosulphonate (MMTS)) for 30 min at 50 • C under dark conditions. Subsequently, the MMTS was removed by cold acetone. The protein was resuspended with HEN-1 buffer (250 mM Hepes, EDTA, SDS) and 1 mM sodium ascorbate and biotin-HPDP (Sigma, St Louis, MO, USA) were added for labeling. The S-nitrosylated proteins were identified by LC-MS/MS and measured by immunoblot analysis [54] .
Western Blotting
For western blot analysis, proteins from different treatments were resolved using SDS-PAGE on 12% polyacrylamide gels, and transferred to polyvinylidene difluoride membranes (PVDF, Novex, San Diego, CA, USA) utilizing a wet transfer device (BioRad, Barcelona, Spain) at 105 V for 70 min at 4 • C. The immunoreaction was performed with rabbit polyclonal antibodies against Biotin (1:2500) (Agrisera, Vännäs, Sweden), TUA (1:5000) (Agrisera, Vännäs, Sweden), GR (1:5000) (Agrisera, Vännäs, Sweden), and GAPDH (1:2000) (Agrisera, Vännäs, Sweden), Actin (1:2500) (Agrisera, Vännäs, Sweden). The blot was incubated in secondary antibody (goat anti-rabbit IgG), diluted to 1:10,000, for 1 h at 25 • C.
GR, GAPDH Activity
GR activity was determined according to Foyer et al. [55] . A 0.2 g quantity of explant was ground in liquid nitrogen with the extract mixture, followed by centrifugation at 12,000 g for 20 min at 4 • C. Then, a total of 100 µL of enzyme extract was transferred into 2 mL of reaction mixture (25 mM sodium phosphate buffer, pH 7.0, 0.1 mM EDTA, 0.5 mM oxidized glutathione (GSSG), 0.12 mM NADPH). GR activity was evaluated by measuring the decrease in absorbance at 340 nm due to NADPH oxidation.
The measurement of GAPDH activity was according to the method of Piattoni et al. [56] . Crude protein extraction was performed with 200 µL reaction buffer (50 mM Tris-HCl, pH 8.5, 10 mM sodium arsenate, 2 mM NAD + , 1 U/mL aldolase, 1.2 mM fructose-1,6-diphosphate) at 30 • C. Then, the reaction was monitored at 340 nm.
Gene Expression Analyses by RT-qPCR
The method of real time RT-PCT (RT-qPCR) analyses and statistical data analyses reference the procedure of Zhao et al. [57] . The cDNA was amplified using the following primers: for Actin (accession No. AB010922.1), F: TTGAATCCCAAGGCGAATAG and R: TGCGACCACTGGCATAAAG; for CsTUA (accession No. AJ715498.1), F: 5 -TTGTTCCTGGAGGCGATCTT-3 and R: 5 -ACAAATGCGCGCTTAGCATA-3 .
For CsGR (accession No. NM_001308836.1): F: 5 -GATATGAGAGCCGTGGTTGC-3 and 5 -AGTCGCAAACAACAC AGCAT-3 ; for CsGAPDH (accession No.
NM_001305758.1), 5 -TGACGA GTCCATCATCAGCAATGC-3 and 5 -CAATGTTGAGTGCAGCAGCTCTTG-3 .
The expression analyses were conducted three times independently.
Statistical Analysis
The statistical analyses was analyzed using the Statistical Package for Social Sciences for Windows (version 13.00; SPSS, Inc., Chicago, IC, United States) and statistical differences were analyzed through Duncan's multiple range test (p < 0.05). In the analysis of variance (ANOVA), results were expressed as the mean values ± SE from three independent replicates.
Conclusion
Taken together, the evidence presented in this study showed that there are a series of S-nitrosylated proteins during NO-induction of the development of adventitious roots, which highlights the effect of NO-based posttranslational modification on regulating the development of adventitious roots in cucumber. Moreover, differential S-nitrosylation of key proteins regulated various pathways during adventitious rooting ( Figure 6) . Thus, our work demonstrated that S-nitrosylation process is an essential modulator during adventitious rooting of cucumber. Further work should focus on deciphering the function of such S-nitrosylated proteins on affecting adventitious root development. Therefore, corresponding genetic and proteomic evidences should be provided to further investigate mechanisms.
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Taken together, the evidence presented in this study showed that there are a series of Snitrosylated proteins during NO-induction of the development of adventitious roots, which highlights the effect of NO-based posttranslational modification on regulating the development of adventitious roots in cucumber. Moreover, differential S-nitrosylation of key proteins regulated various pathways during adventitious rooting ( Figure 6 ). Thus, our work demonstrated that Snitrosylation process is an essential modulator during adventitious rooting of cucumber. Further work should focus on deciphering the function of such S-nitrosylated proteins on affecting adventitious root development. Therefore, corresponding genetic and proteomic evidences should be provided to further investigate mechanisms. NO-enhanced endogenous NO concentration and SNO levels, which triggers S-nitrosylation of proteins to induce adventitious root development. Differential S-nitrosylation of TUA, GAPDH and GR might regulate various pathways during NO-promoted the development of adventitious roots. The increase is indicated by the red arrow. The decrease is indicated by the blue arrow.
